This report presents two families with interstitial 11q24.2q24.3 deletion, associated with malformations, hematologic features, and typical facial dysmorphism, observed in Jacobsen syndrome (JS), except for intellectual disability (ID). The smallest 700 Kb deletion contains only two genes: FLI1 and ETS1, and a long noncoding RNA, SENCR, narrowing the minimal critical region for some features of JS. Consistent with recent literature, it adds supplemental data to confirm the crucial role of FLI1 and ETS1 in JS, namely FLI1 in thrombocytopenia and ETS1 in cardiopathy and immune deficiency. It also supports that combined ETS1 and FLI1 haploinsufficiency explains dysmorphic features, notably ears, and nose anomalies. Moreover, it raises the possibility that SENCR, a long noncoding RNA, could be responsible for limb defects, because of its early role in endothelial cell commitment and function. Considering ID and autism spectrum disorder, which are some of the main features of JS, a participation of ETS1, FLI1, or SENCR cannot be excluded. But, considering the normal neurodevelopment of our patients, their role would be either minor or with an important variability in penetrance. Furthermore, according to literature, ARHGAP32 and KIRREL3 seem to be the strongest candidate genes in the 11q24 region for other Jacobsen patients.
| INTRODUCTION
Jacobsen syndrome (JS) (OMIM#147791) is considered as a contiguous gene disorder caused by a large terminal or interstitial deletion of the long arm of chromosome 11. It was first described in 1973 by the Danish genetist Petrea Jacobsen (Jacobsen et al., 1973) . JS is characterized by ID of variable severity, typical facial dysmorphism, thrombocytopenia, prenatal and postnatal growth restriction, immune deficiency, autism spectrum disorders (ASD), and a wide range of malformations, mainly heart malformation (50%) (Mattina et al., 2009 ). Yet, over 200 cases have been described (Favier, Akshoomoff, Mattson, & Grossfeld, 2015; Grossfeld et al., 2004; Fryns, Kleczkowska, Buttiens, Marien, & Berghe, 1986) . Through genotype-phenotype correlations and animal models, several genes have been proposed to contribute to JS phenotype, especially FLI1 and ETS1 (Favier et al., 2015; Carpinelli et al., 2015; Ye et al., 2010; Hart et al., 2000) .
Here, we report on five new patients from two families that harbor very small inherited interstitial deletions within the region 11q24.2-q24.3 deleted in JS. All have the main features of JS, namely dysmorphism, malformations, thrombocytopenia, and immune deficiency but normal cognitive development. Our study provides new insights about the role of FLI1 and ETS1 and confirms the crucial role of these two genes for JS phenotypes. It also raises the possibility that SENCR, a long noncoding RNA, could be responsible for limb defects, because of its early role in endothelial cell (EC) commitment and function. Then, it supports the role of causal genes for ID and/or ASD outside of the smallest deletion.
| MATERIALS AND METHODS

| Clinical assessment
Both children have been referred to genetic consultations by pediatricians considering the multiple malformations, notably limb defects.
Family B was included in this study thanks to a national cooperative effort collecting rare CNV in syndromic disorders. 
| DNA analysis
Written informed parent consents were obtained for genetics analysis. DNA was extracted from peripheral blood lymphocytes. 
| DISCUSSION
Here, we report two families with inherited interstitial deletions in 11q24.2q24.3 region, which are the smallest ever described in Jacobsen locus (respectively 700 kb and 1.5 Mb, Figure 2 , Table 1 PTS is characterized by a neonatal thrombocytopenia which may resolve over time and a platelet dysfunction usually persistent throughout life.
Platelets often contain giant alpha granules. FLI1 transcription factor interacts with genes involved in vasculogenesis, hematopoiesis and intercellular adhesion. Fli+/− mice expressed thrombocytopenia and Fli−/− mice had an embryonic lethality due to cranial hemorrhages (Hart et al., 2000) . In humans, a few heterozygous FLI1 missense and frameshift variants in the DNA-binding domain have been shown to cause platelet disorder (Stevenson et al., 2015; Stockley et al., 2013) . In our series, all patients present FLI1 haploinsufficiency and express a variable thrombocytopenia which supports the role of FLI1 in platelet dysfunction.
ETS1 is highly suspected to cause congenital heart malformations, a major cause of morbidity in JS with a penetrance over 50%, mostly VSDs and hypoplastic left heart syndrome (Grossfeld et al., 2004) .
ETS1 transcription factor is expressed in vascular endothelium, endocardium, and neural crests. It is necessary for heart cell migration and (Beh, Shi, Levine, Davidson, & Christiaen, 2007) . Ets1−/− xenopus showed hypoplastic left heart syndrome-like (Nie & Bronner, 2015) and Ets1−/− mice showed membranous VSDs, bifid cardiac apex, and non-apex-forming left ventricle which are frequent cardiac malformations in JS (Ye et al., 2010) . By whole-exome sequencing, a de novo ETS1 frameshift variant in a patient with heart malformation was identified (Glessner et al., 2014) . In our series, all patients showed ETS1 haploinsufficiency, but only two had a septal defect, which is consistent with an incomplete penetrance.
Congenital anomalies of the kidney and urinary tract (CAKUT) are quite frequent in JS, occurring in 13% of the patients (Grossfeld et al., 2004) . These are mostly duplicated ureters, unilateral renal agenesis, dysplastic kidneys, narrowed ureters, and dilated renal calyces.
Recently, Ye et al. (2018) highlighted the role of ETS1 in structural kidney defects, by defining an 8.1 Mb "kidney critical region" through genotype-phenotype correlations. Furthermore, they demonstrated that deletion of Ets-1 in mice causes kidneys defects (duplicated kidneys, hypoplastic kidneys, dilated renal pelvis, and calyces) (Ye et al., 2018) . Interestingly, in our study patient B-III-2 presented a mild resolutive pyelectasia, which could be related to ETS1. Renal ultrasound was normal in patient A-III-2 and data is not available for other patients.
ETS1 is also involved in immune deficiency and autoimmunity. Low IgG levels, decreased number of memory B, T, or NK cells and impaired response to Streptococcus pneumoniae polysaccharide vaccination were described in JS patients (Dalm, Driessen, Barendregt, van Hagen, & van der Burg, 2015) . ETS1 is highly expressed in lymphoid tissues and cells.
Knockout Ets1 mice showed aberrations in B cells differentiation, aberrant thymic differentiation, reduced peripheral levels of T, and NK cells and impaired IL-2, Th1, and Th2 production (Blazina et al., 2016) . In our series, all patients presented an immune deficiency (lymphopenia and/or hypogammaglobulinemia), supporting the role of ETS1.
Combined FLI1 and ETS1 haploinsufficiency was suspected to cause craniofacial and middle ear abnormalities, on mice model (Carpinelli et al., 2015) . ETS1 and FLI1 both belong to the ETS transcription factor family and are highly conserved during evolution. They probably result from the duplication of the same gene and possibly have redundant functions. Fli1+/− mice had short nasal bone, hearing loss, otitis media (inflammatory epithelia) and mild thrombocytopenia (Carpinelli et al., 2015) . Ets1+/-Fli1+/− mice expressed the same features but with a more severe phenotype and specific ear malformations (small middle ear cavity, deformation of the stapes, ossicle fixation). Transversal limb defects are rarely considered secondary to genetic factors but concern two patients is our series. Limb malformations described in JS are mostly finger syndactyly, finger pads or V th finger clinodactyly (Grossfeld et al., 2004) . Nevertheless, transverse limb defects have already been reported three times in JS (Von Bubnoff et al., 2004; So et al., 2014; Fujita et al., 2010) . Low penetrance of this malformation could be explained by a multifactorial model.
Thrombocytopenia, due to FLI1 deletion, could be responsible for prenatal hemorrhage and consequently interrupt limb vascularization, as suggested in Poland syndrome. ETS factors act directly on the ZRS (ZPA regulatory sequence) mediating a differential effect on Sonic hedgehog (SHH). However, variants in ETS factor lead to preaxial polydactyly (Lettice et al., 2012) . SENCR, a long noncoding RNA regulating the endothelial and smooth muscle cell differentiation, overlaps with FLI1 in 1st intron in the antisense direction. Knockdown of SENCR has no effect on FLI1 and neighboring genes. However, it regulates the expression of HCASMCs (human artery, heart, lung, skin, and skeletal muscle) genes (Boulberdaa et al., 2016) . On HUVEC (human umbilical ECs), SENCR was shown as an early induced lncRNA promoting mesodermal and EC commitment (Boulberdaa et al., 2016) . The EC migratory capacity was respectively inhibited or stimulated after SENCR silencing or overexpression. SENCR expression was down regulated in critical limb ischemia tissues and in ECs derived from premature coronary artery disease (Boulberdaa et al., 2016) , suggesting a role of
ID is a main feature in JS (85% (Grossfeld et al., 2004) cognitive development, even if mild neurodevelopmental disorders (NDD) could develop in both children as they grow up. Given the varying penetrance of NDD in JS, it cannot be concluded that ETS1, FLI1, and SENCR do not participate, even if it seems very unlikely. To note, one patient was identified with an ETS1 de novo variant in association with congenital heart disease and ID (encephalopathic epilepsy), by WES (Homsy et al., 2015) . However, no data concerning other variants identified by exome were available. It could be interesting to check if other variants could explain the encephalopathic epilepsy.
According to the recent literature ARHGAP32 and KIRREL3 seem to be the strongest candidate genes for ID and/or ASD in 11q24.2q24.3
region. ARHGAP32 encodes a neuron-associated GTPase-activating protein that regulates dendritic spine morphology and strength . ARHGAP32 is expressed early in brain mouse development. ARHGAP32-deficient neurons showed reduced γ-aminobutyric acid type A receptor (GABA A R) levels and impaired GABA A R-mediated synaptic transmission. ARHGAP32-deficient mice exhibited ASD-like social behavior (Nakamura et al., 2016) . Several patients have been reported with larger 11q24 deletion encompassing ARHGAP32, all presenting with ID or autistic features . To note, one patient expressed nonsyndromic ID and ASD with a 240 kb deletion containing only KCJN1, KCJN5, TP53AIP, and ARHGAP32, supporting the causal role of ARHGAP32 in NDD.
However, patients from Family B have normal neurodevelopment so far, but this data could be consistent with an incomplete penetrance of ARHGAP32 in ASD and ID.
KIRREL3 (OMIM 607761) codes for a synaptic molecule of the immunoglobulin superfamily. Three missense variants in KIRREL3 have been identified in five patients with mild to severe ID (Bhalla et al., 2008) . Furthermore, Kirrel3−/− mice have been shown to express hyperactivity, autistic features (Hisaoka, Komori, Kitamura, & Morikawa, 2018) , and recognition memory deficit (Choi et al., 2015) . Guerin et al.
(2012) described a single patient with a 2.89-Mb deletion in distal 11q who had autistic features and neurodevelopmental delay and proposed KIRREL3 as a candidate for causing neurologic features in the patient.
Interestingly, the deletion also contains ARHGAP32 so it is not possible to conclude on the causal role of only one gene. Moreover, Akshoomoff et al. (2015) found ASD in patients without deletion of KIRREL3 suggesting that this gene is not causal for all patients with distal 11q
deletions.
In conclusion, we have presented the two smallest 11q24.2q24.3 inherited deletions in two families having the main features of JS but with no cognitive impairment. This study, in addition to data resulting from the literature, underpins the role of FLI1 in Paris-Trousseau syndrome, ETS1 in cardiopathy and immune deficiency, and combined ETS1 and FLI1 haploinsufficiency in facial dysmorphism. The long noncoding RNA, SENCR, could be involved in transversal limb defect.
Finally, the report can suggest the role of other genes outside the smallest deletion in ID, namely KIRREL3, and ARHGAP32. However, this complex region will need further explorations to be well defined.
